In PCR, DNA polymerases from thermophilic bacteria catalyze the extension of primers annealed to templates as well as the structure-specific cleavage of the products of primer extension. Here we show that cleavage by Thermus aquaticus and Thermus thermophilus DNA polymerases can be precise and substantial: it occurs at the base of the stem-loop structure assumed by the single strand products of primer extension using as template a common genetic element, the promoter-operator of the Escherichia coli lactose operon, and may involve up to 30% of the products. The cleavage is independent of primer, template, and triphosphates, is dependent on substrate length and temperature, requires free ends and Mg2+, and is absent in DNA polymerases lacking the 5'-> 3' exonuclease, such as the Stoffel fragment and the T7 DNA polymerase. Heterogeneity of the extension products results also from premature detachment of the enzyme approaching the 5' end of the template.
A better understanding of the factors contributing to processivity and fidelity of enzymatic DNA synthesis is desirable. The acknowledged inability of DNA polymerases to initiate de novo synthesis and the obligatory discontinuous replication of the lagging DNA strand make primer extension relevant in a variety of in vivo DNA transactions, such as replication, recombination, and repair. Also several important in vitro reactions, such as PCR, rely on primer extensions (1) .
In principle, primers can be extended uninterruptedly on a circular template. On a linear template they may be extended all the way to its 5' end, provided the polarities of polymerization and fork movement are the same. In practice, primer extension does not proceed beyond the incorporation of a few thousand nucleotides. Longer extensions, such as those required in vivo for the complete copying of leading strands, involve the cooperation of several enzymes and accessory proteins (1) .
In vitro, primer extension generally stops after at most a few thousand nucleotides; in PCR, special combinations of thermoresistant DNA polymerases have to be used in order to push this limit to tens of kilobases (2) . During primer extension several events can contribute to the appearance of products shorter than expected: increasing attention is being given to the cleavage of products and templates.
Problems affecting primer extension are of general interest also in relation to the variability of the resulting sequences compared to the template and thus to the appearance of mutations and/or rearrangements. For example, modifications of a template by UV or alkylating agents as well as the occurrence of mismatches at the growing end can affect primer extension and thus the fidelity of the ensuing repair synthesis
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (3) . Recently hairpins have been postulated as substrates for a structure-specific nickase involved in V(D)J rearrangements (4) . These effects could be relevant also in widely used analytical techniques, from dideoxy DNA sequencing (5) to the wealth of PCR based-protocols (6): they can reduce both the yield and the quality of the products.
Under typical PCR conditions and using the DNA polymerases from either Thermus thermophilus (7) (10) cloned as a part of the lacZ gene in pBS (11) . This paper characterizes further the structure-specific cleaving activity (12, 13) of eubacterial DNA polymerases, as independently described by Dahlberg's group (14) , and identifies its target in the stem-loop structure potentially assumed by the lacPO sense strand. Further, it provides evidence that in PCR a substantial contribution to the heterogeneity of the primer extension products can come also from premature termination (15) . These findings may help lead to a better use of thermoresistant DNA polymerases in DNA amplifications (16) , fingerprinting (17) , and sequencing (18) .
MATERIALS AND METHODS
DNA. The plasmid pBS(-) (henceforth pBS) was extracted from Escherichia coli XL1-Blu RecA- (11) Fig. 1 .
In Fig. 2 (Fig. 1) ; with P2 and P4, the sets of the variable bands are identical.
All this is summarized in Fig. 3 4) . This supports the hypothesis that the variable bands derive from the unlabeled end (i.e., the 3') of the extension products. A parallel experiment in which the label is internal confirms the origin of the variable bands (solid square) from the 3' end (Fig. 4, lanes 5  and 6) . Identical (Figs. 1 and 5) and is placed at the base of the hairpin where transcription is initiated, mostly at position T129 (Fig. 5) of the template strand (10) . If (Fig. 6) . The extension products are labeled internally with [a-32P]dATP: again, the triangles indicate the unique common 5' part of the cleaved extension products, the solid squares their heterogeneous 3' complements. The lengths in bases of the templates under study are 221 (H), 232 (P), 257 (S), 1428 (D), and theoretically infinite in the case of intact, supercoiled pBS. Since the overall levels of synthesis are comparable (as shown also in Fig. 2) , it seems that the longer the extension products, the less efficient the cleavage. Also Dahlberg's group 
DISCUSSION
The overall heterogeneity of the extension of the primers studied here is due to two distinct events: (i) generalized premature stopsjust ahead of the template 5' terminus; and (ii) occasional cleavage of the products by an exonuclease associated with the polymerases.
The factors contributing to the occurrence and distribution of the.premature stops vary with different terminal sequences but are as yet unknown.
We have focused our attention on the cleavage which occurs in the system shown in Fig. 5 . Such activity may be considered an exo-endonuclease, since it requires, or at least is stimulated by, a free end but cuts well inside polynucleotide chains. We have evidence that the intact plasmid survives a similar exposure to the enzyme without cleavage (not shown). It is also possible that the intact plasmid is topologically constrained and cannot fold as required for cleavage.
Three features of the relevant region are noteworthy. One is the presence on the template of a row of 13 residues (115-127, 1 being the 5' end of P4, top of Fig. 5 ). It is essentially made up by alternating Pu/Py, mostly A/C, except for the doublet A121A122; this region includes the -10 position (A119) of the lacP (22 (14) . Thus this cleavage may be involved in the removal of the RNA primer at the 5' end of the Okazaki fragments (1) .
It seems most likely that our exo/endonucleolytic activity is the same as that described by Longley et al. (12) , by Holland et al. (13) , and more recently and thoroughly by Lyamichev et al. (14 In the course of our experiments, especially in cyclic sequencing, we have frequently noticed bands common to the four lanes: they could be instances of structure-specific cleavage. These lines must be pursued, with particular interest for those involving the two complementary strands of palindromic sequences. Obviously, the assumption of a secondary structure by a given DNA sequence does not mean that a complementary sequence will adopt a similar structure (26) : it will be of interest to examine the susceptibility to cleavage of the products resulting from extension of clockwise primers flanking the lacPO region (Fig. 1) . Appropriate mutations in the palindromic sequence may also provide clues as to the structural requirements of this cleaving activity.
As to the possible role in vivo, the finding that mammalian cells contain exonuclease(s) active on flap structures (27) (23) .
Even if the eukaryotic DNA polymerases lack a 5' -> 3' exonuclease (1, 14) , similar activities are often found in proteins known to interact tightly in vivo with, e.g., calf DNA polymerase e (28) . Interestingly, stem-loop DNA structures are substrates of a "hairpin nickase" in mammalian cells (4) . A structural and functional homology between mammalian DNase IV and the 5' -> 3' exonuclease domain of E. coli DNA poll has been reported (29) . A somehow similar specificity has been proposed as responsible for the in vitro processing of heteroduplexes by T4 endonuclease VII (30) . A structurespecific endonuclease has been described by Friedberg and coworkers for the yeast enzyme Radl/RadlO (31) . In relation with the effects of these activities on genetic variation, it has been found that stem-loop structures are frequent mutational sites for mammalian DNA polymerase a (32) .
